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One-sided heating of a plate freely fixed along its contour by a volume source is considered in the context of a 
quasistatical disjoint thermoelasticity problem. An analytical relationship is obtained, which is the criterion of 
the thermal strength of the plate, making it possible to identify nondestructive laser treatment regimes, as well 
as the thermal strength of existing and newly developed materials. An experimental verification of the ade¬ 
quacy of the proposed model is performed. 


The methods for treating optical glass, ceramics, and 
semiconductor materials include, along with traditional 
high-temperature annealing, the irradiation of their surfaces 
using continuous or pulse laser radiation [1 -3], Fast heating 
of a plate by laser radiation and its slow cooling relax the 
residual stresses which arise in the surface layer under pol¬ 
ishing [3]. However, the materials treated can be partly per¬ 
meable for radiation. In heating a plate certain treatment pa¬ 
rameters may emerge under which thermoelastic stresses be¬ 
come prevalent in the technological process. To prevent the 
bending of the plate, it is usually freely fixed along its con¬ 
tour. In order to determine nondestructive treatment regimes, 
let us consider the solution to a disjoint quasistatic problem 
of thermal elasticity for this plate. We assume the 
thermophysical and mechanical properties of the plate to be 
independent of temperature. We will regard the plate as 
heat-resistant if it is not destroyed by thermoelastic stresses, 
as its surface is heated to the melting point. 

Let us assume that the flux density is uniformly distrib¬ 
uted across the laser beam, is constant in time, and decreases 
across the plate thickness in accordance with Bouguer’s law. 
Neglecting the radiation losses on the plate surface and as¬ 
suming the properties of the material of the plate to be inde¬ 
pendent of temperature, it is possible to find the temperature 
field in this plate by the Fourier integral transform method 
[4]. For a constant flux density of laser radiation the tempera¬ 
ture field in the plate is calculated from the relation 
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where T(^,t) is the temperature; \ = z/h is the dimen¬ 
sionless coordinate (z is the coordinate across the plate 
thickness; h is the plate thickness); t is the time of exposure 
to the radiation effect; 77 is the initial temperature; 
Ay = (1 - R )(1 - e ~ xh ) is the absorption coefficient (R is the 
reflection coefficient; % is the absorption index of the mate¬ 
rial of the place for the radiation wavelength); W— q 0 1 is the 
energy density; c and y are the specific heat and density of 
the material of the plate, respectively ( q 0 is the density of the 
laser flux upon the plate surface); © (i;, t ) is the dimen¬ 
sionless excess temperature found from the equation 
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where t is the dimensionless time (for constant flux density 
t = 1 [4]); Fo = at/h 2 is the Fourier number (a is the thermal 
conductivity of the plate material); n = 1,2, 3, ..., oo is an in¬ 
teger number. 

The dimensionless excess temperature is the ratio of 
the temperature to the average limiting excess temperature 
T(£, t)/Ty [4], The average limiting excess temperature is 
set after the end of heating and adiabatic leveling of tempera¬ 
ture. It is calculated from the following formula [4]: 


Ty = 
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Thermoelastic stresses arise in the plate freely fixed un¬ 
der the effect of the temperature field [5]: 


o t (z, t) = a (z, t) = - - {z T -a r [T(z,t)-T 0 ]}; (3) 
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where E is the Young modulus; v is the Poisson coefficient; 
a T is the average TCLE of the plate for the temperature 
interval. 

An earlier analysis [6, 7] indicated that the maximum 
tensile stresses arise in the plate section (^=1) where the 
temperature is minimal. By substituting expression (1) taking 
into account formula (2) into Eqs. (3) and (4) and performing 
mathematical transforms we will obtain an equation for the 
calculation of the energy density leading to destruction of the 
plate by thermoelastic stresses: 

w a I {\-v)cyh 

T £a r 4[©(t)-0(^=U)] 
a T (l-v)cyh 
Ea T (l-R)Mxh,?o)’ 


where a r is the tensile strength of the plate material; ©(f) is 
the average dimensionless excess temperature across the 
plate thickness (at q 0 = const ©(() = 1 [4]; ©(£ = 1, t) is the 
dimensionless excess temperature on the surface (^ = 1), 
which is calculated from Eq. (2). 

Using expression (1) taking into account formula (2), we 
obtain an equation for the calculation of the energy density 
required for the surface (£, = 0) to reach the melting point: 
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where ©(£, = 0 ,t) is the dimensionless excess temperature 
on the surface of the plate, which is calculated from Eq. (2). 

By dividing Eq. (5) by formula (6) and assuming the 
condition W T /W^ > 1, we obtain a criterion of the thermal 
strength of the plate for the volume absorption of laser radia¬ 
tion under a continuous effect: 


CT r (1 ~ V) 
Ea r (Tj- — T 0 ) 


>f(xh, Fo). 
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Thus, an analytical relationship is derived, which is the 
criterion of the thermal strength of a plate freely fixed along 
its contour under one-sided heating from a volume source; 
this criterion decreases along the plate thickness in accor¬ 
dance with Bouguer’s law. The model proposed is valid for 
the absorption indexes of plate materials with laser radiation 
wavelength over 0.1 cm -1 , when it is possible to neglect 
such mechanisms of the destruction of transparent optical 



Fig. 1. The graphic solution of inequality (7) for glass K8. 


material as destruction by absorbing inclusions, avalanche 
ionization, etc. 

Let us analyze relationship (7). The left side of inequali¬ 
ty (7) is a constant characterizing the ratio of the tensile 
stresses of the material of the plate freely fixed along its con¬ 
tour to the maximum tensile stresses in this plate under 
one-sided heating. The first part of the inequality is the func¬ 
tion of two dimensionless parameters %h and Fo. Figure 1 
shows by way of example a graphic solution of inequality (7) 
for a plate made of optical glass K8. 

The function f(%h, Fo) reaches its maximum value equal 
to 0.35 at jh w 5 and Fo « 0.1. With yh —> oo the function 
f(yh, Fo) with an accuracy of 0.4% coincides with the func¬ 
tion /(Fo) calculated for the case of surface absorption of ra¬ 
diation in [6]. 

The properties of the material in Fig. 1 are represented in 
the form of a secant plane. It can be seen that the range of 
thermoelastic destruction of the plate depends in a compli¬ 
cated manner on the combination of values yh and Fo. With 
Fo > 2 the destruction of the plate by thermoelastic stresses 
is impossible for any values of yh. Similarly, at yh < 0.2, the 
destruction of the plate by thermoelastic stresses is impossi¬ 
ble with any values of Fo. The energy-effective mode is the 
regime of treatment with small values of Fo and large values 
of yh. For instance, the thermal strength criterion for glass 
K8 is satisfied at Fo < 5 x 10 -3 and yh > 15. The treatment 
regime with low values yh is not energy-efficient, since high 
energy density is required. If inequality (7) is satisfied, the 
temperature of the irradiated plate surface reaches the melt¬ 
ing point with a lower energy density than that needed for the 
plate to be destroyed by thermoelastic stresses. For quartz 
glasses KI, KV, and KU the left side of inequality (7) is equal 
to 0.83, and a range of destruction of the plate by thermo¬ 
elastic stresses does not exist. 

Below we list the properties of some optical materials 
whose initial data are taken from [8-11] and GOST 9411-90. 
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Fig. 2. Dependence of the energy density required for the destruc¬ 
tion of samples on exposure duration: A) experimental data. 

Material Criterion of thermal 

strength of plate (7) 

Glass: 

LK3.0.084 

K8.0.070 

TF1.0.065 

TK12.0.063 

Ceramics: 

K03.0.065 

K04.0.012 

K06.1.130 

Quartz glasses.0.830 

It can be seen that a range of thermoelastic destruction 
exists for the materials considered (except for optical ceram¬ 
ics K06 and quartz glasses) under one-sided heating using a 
volume source. 

It should be noted that a calculation based on the analyti¬ 
cal relationships produces an error to the amount of the radi¬ 
ation loss. For instance, for glass K8 with a melting point of 
around 1400 K the maximum radiation loss at the end of the 
radiation will reach approximately 18 W/cm 2 . 

To verify the adequacy of the model proposed, the effect 
of radiation of an LTN-103 laser with a wavelength of 
1.06 pm on freely fixed plates of tinted optical glass ZhZS-12 
of thickness 0.5 and diameter 1.2 cm was experimentally 
tested. The absorption index of glass ZhZS-12 for the speci¬ 
fied wavelength is 10 cm' 1 (GOST 9411-90). The laser ra¬ 
diation power is 120 W. The investigated samples were com¬ 
pletely covered by the radiation. 

The parameters measured included the power of laser ra¬ 
diation measured by a IMO-2N laser power meter, the beam 
diameter in the plane of the sample, and the time from the be¬ 
ginning of the effect up to the destruction of the sample by 
thermoelastic stresses or melting of its surface. The mea¬ 
sured values were used to calculate the energy density re¬ 
quired to destroy samples. Each experimental point was ob¬ 
tained by statistical processing of ten experiments. 

The calculation results based on relationships (5) and (6) 
and the experimental data are shown in Fig. 2. The initial 


data for the calculation are taken from [8 - 11] and GOST 
9411-90. Destruction of the samples by thermoelastic 
stresses was observed with an exposure duration equal to 
32 sec and less when the thermal strength criterion was not 
satisfied. When the thermal strength criterion was satisfied, 
melting of the sample surface was observed with an exposure 
duration over 38 sec. The experimental values of the energy 
density required to destroy the samples exceed the calculated 
values by 15 - 20%, which corresponds to radiation losses. 

In can be seen from Fig. 2 that increasing the duration of 
radiation increases the energy density required to reach the 
melting temperature on the plate surface. When the exposure 
duration is decreased the criterion of thermal strength is not 
satisfied. The destruction of the plate by thermoelastic 
stresses occurs at a lower energy density than that required 
for the plate surface to reach the melting point. Conse¬ 
quently, to reduce energy consumption, one should select a 
laser with another wavelength to ensure that the thermal 
strength criterion is satisfied. 

Thus, an analytical relationship has been obtained, which 
is the criterion of thermoelasticity for a plate freely fixed 
along its contour under one-side radiation by a volume 
source and which makes it possible to determine nondestruc¬ 
tive regimes of laser treatment of glass and ceramic surfaces 
and the thermal strength of existing and newly developed 
materials. 

The adequacy of the calculation model has been experi¬ 
mentally verified. 

REFERENCES 

1. N. N. Katomin and I. A. Kondrat’ev, “Polishing of quartz using 
CCh-laser radiation,” in: Proc. All-Union Conf. “Contemporary 
Problems of Mechanics and Technology of Machine Building ” 
[in Russian], Moscow (1989), p. 164. 

2. A. Temple, W. Lowdermilk, and D. Milam, “Carbon dioxide la¬ 
ser polishing of fused silica faces for increased laser-damage re¬ 
sistance at 1064 nm,” Appl. Opt., 21(18), 3249 - 3255 (1982). 

3. S. A. Shesterikov (ed.), Structure and Strength of Materials un¬ 
der Laser Effects [in Russian], Izd-vo MGU, Moscow (1988). 

4. B. A. Grigor’ev, V. A. Nuzhnyi, and B. V. Shibanov, Tables for 
the Calculation of Nonstationary Temperatures of Flat Bodies 
Heated by Radiation [in Russian], Nauka, Moscow (1971). 

5. A. D. Kovalenko, Principles of Thermoelasticity, Naukova 
Dumka, Kiev (1970). 

6. A. F. Kovalenko, “Nondestructive regimes of heat treatment of 
glass and ceramics plates,” Steklo Keram., No. 12, 29-30 
(2003). 

7. V. M. Atamanyuk, A. F. Kovalenko, A. V. Fedichev, et al., “The 
criterion of thermal strength of optical glasses treated by conti¬ 
nuous radiation of CO, laser,” in: Proc. XIII Intern. Conf. “La¬ 
sers in Science, Engineering, and Medicine" [in Russian], NITs 
Inzhener, Moscow (2002), pp. 67 - 68. 

8. O. K. Botvinkin, Quartz Glasses [in Russian], Mir, Moscow 
(1965). 

9. N. M. Pavlushkin (ed.), Glass [in Russian], Stroiizdat, Moscow 
(1973). 

10. A. A. Appen, Chemistry of Glass [in Russian], Khimiya, Lenin¬ 
grad (1974). 

11. F. K. Volynets, “Optical properties and areas of application of opti¬ 
cal ceramics,” Optiko-Mekhanich. Prom., No. 9, 48-61 (1973). 














